Abstract: Precipitation has been considered to be a critical water source for both human livelihoods and ecosystems in Central Asia. Using observational data and gridded datasets, we studied the regional and seasonal differences of precipitation climate characteristics and variations in precipitation over Central Asia. Using observational data obtained from the China Meteorological Administration, Global Historical Climatology Network (V3.02), we divided Central Asia into four subregions (North, Center, Southwest, and Southeast) based on the differences in seasonal cycles of precipitation. 'Single peaks' were detected as types of seasonal cycles over the North and the Southeast, while 'two peaks' was the type that occurred in the Southwest. For the Center, the zone of transition between the North and the Southwest, each monthly precipitation value was higher than the Southwest's and less than the North's. GPCC (R 2 of 0.89, RMSE of 64.5 mm/year) was proven to be the most suitable dataset of the four datasets (CRU, GPCC, MERRA, and TRMM) to describe precipitation in Central Asia, based on validation against observational data, and used to detect the spatial and temporal trend of precipitation in Central Asia and four subregions during . No significant trends were observed for annual precipitation in Central Asia, while precipitation in winter displayed a significant increase (0.11 mm/year). Additionally, significantly increasing trends (0.16, 0.27, 0.13, and 0.13 mm/year) were detected in spring, summer, autumn, and winter over the Southeast during 1960Southeast during -2013 
Introduction
Precipitation is considered to be a critical water source for both human livelihoods and ecosystems of Central Asia, which comprises one of the largest arid and semiarid areas in the world [1] [2] [3] . In recent years, earth's global mean surface temperature has significantly increased and warming has been estimated to lead to large increases in atmospheric water vapor content and acceleration of the hydrological cycle [4] [5] [6] . In the context of global warming, a sound understanding of precipitation climate characteristics and variations in precipitation is essential for successful management of water resources in this arid and semiarid region.
A Synthetic Assessment of the Global Distribution of Vulnerability to Climate Change published by CIESIN (Center for International Earth Science Information Network) declared that no data were available in Central Asia [7] . For a long time, a satisfactory detection of precipitation variations over Central Asia was hampered by the lack of observational data. Large parts of Central Asia are sparsely populated steppes, deserts and mountain systems where the density of meteorological stations is very −154 and 7443 m, and includes the Kazakh Hills, the Turan Lowland, the Tianshan Mountains, the Junggar Basin, and the Tarim Basin ( Figure 1 ). The climate is typically continental with mean annual precipitation ranging from less than 20 mm to more than 1000 mm and mean annual temperature ranging from −5 to 15 °C. 
Data
Observational data obtained from meteorological stations and four monthly gridded precipitation datasets were used in this study. Stations located in Xinjiang are from the China Meteorological Administration (CMA), while stations located in the five states are from the Global Historical Climatology Network (GHCN).
Considering data integrity, consistency, and the time duration of measurements, we selected 52 stations from 1960-2013 from CMA, and 289 stations from GHCN. Of these 289 stations from GHCN, 155 stations cover the period from 1960 to 1991, 33 stations cover the period from 1960 to 2005, and there are 101 stations with more than 15 years worth of records from 1960-2013, but these years are not continuous (Figure 1 ). The main uses of these data were: (1) all the 341 stations extended dataset-used to describe the spatial distribution of the mean annual precipitation and seasonal cycle and to validate gridded datasets; (2) 240 stations covering 1960-1991-used for trend analysis from 1960-1991; (3) gridded dataset -used for trend analysis from 1960-2013. Table 1 displays the information on the four monthly gridded datasets including the spatially interpolated dataset developed by the CRU [18] , the spatially interpolated dataset developed by the GPCC [19, 20] , reanalysis by MERRA [21] , and the satellite-retrieved dataset developed by the TRMM project [22] . Table 1 . Precipitation datasets used in this study. 
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Methodology
To better understand the regional seasonal cycle of precipitation, we used the cluster analysis method to divide Central Asia into subregions. Cluster analysis is the task of grouping a set of objects in such a way that objects in the same group (called a cluster) are more similar to each other than to those in other groups (clusters). It is a common technique for statistical data analysis and is widely used in research on geoscience. We first calculated the mean monthly precipitation for the seasonal cycle of precipitation for each of the 341 meteorological stations from 1960-2013, then used the cluster analysis method to classify these mean monthly precipitation data.
We used the Mann-Kendall method to test the significance (95% level of confidence) of the precipitation trends, and the linear least squares fitting method was used to compute the trends. Due to the robustness of abnormally distributed data, the nonparametric Mann-Kendall test [23] proposed by the World Meteorological Organization has been widely used for detecting trends of meteorological factors [24, 25] . The Mann-Kendall method is based on the correlation between the ranks of a time series and their time order. For a time series composed of X 1 , X 2 , ..., X n , their ranks are R 1 , R 2 , ..., R n , and the Mann-Kendall rank statistic S is given by
where
Positive S means an increasing trend for the time series, while negative S indicates a decreasing trend. If the null hypothesis H 0 is true, there is no trend in the data. Then, S can be assumed to be approximately normally distributed with:
The Z score of S is computed based from
According the Z score, the p value can be obtained. In this study, the level of p is 0.05. There were only 52 stations covering the period from 1960 to 2013. Therefore, we tried to select a most suitable dataset for Central Asia from four monthly gridded precipitation datasets to detect Atmosphere 2016, 7, 139 5 of 13 the region's precipitation trends from 1960-2013. We used Pearson correlation coefficients (R) and root-mean-squareerror (RMSE) as indicators to validate the applicability of the four gridded datasets according to observational data.
Results
Spatial Distribution of Mean Annual Precipitation
Mean annual precipitation (MAP) distribution within Central Asia was determined based on observations from all of the 341 meteorological stations (Figure 2) . Numerically, the MAP of Central Asia ranged from 15 mm to 1230 mm. In terms of spatial distribution, MAP was obviously uneven with less precipitation in the Tarim 
Subregion Division and Seasonal Cycle of Precipitation
Using the cluster analysis method, we divided Central Asia into four subregions as follows: (1) the North, which includes the northern part of the Kazakh Hills, (2) the Center as the zone of transition, which includes the southern part of the Kazakh Hills and the northern part of the Turan Lowland, (3) the Southwest, which includes the main part of the Turan Lowland and a part of the Tianshan Mountains, and (4) the Southeast, which includes the main part of the Tianshan Mountains, the Junggar Basin and the Tarim Basin ( Figure 3 ). 
Using the cluster analysis method, we divided Central Asia into four subregions as follows: (1) the North, which includes the northern part of the Kazakh Hills, (2) the Center as the zone of transition, which includes the southern part of the Kazakh Hills and the northern part of the Turan Lowland, (3) the Southwest, which includes the main part of the Turan Lowland and a part of the Tianshan Mountains, and (4) the Southeast, which includes the main part of the Tianshan Mountains, the Junggar Basin and the Tarim Basin (Figure 3) .
Then, we calculated regional averages of mean monthly precipitation to obtain the seasonal cycle of precipitation for each subregion. In the North, there was maximum precipitation in July and minimum precipitation in February. However, the seasonal cycle of the Southwest was typically a 'two peak' type with the first peak occurring in April, and the second peak occurring in December, without ignoring the minimum precipitation observed in August. For the Center, the zone of transition between the North and the Southwest, for each month, precipitation was higher than the Southwest region's and less than in the North. Additionally, the seasonal cycle of the Center was smooth and
Atmosphere 2016, 7, 139 6 of 13 steady with maximum precipitation in July and minimum precipitation in February. For the Southeast, the seasonal cycle was typically a 'single peak' type with the maximum precipitation registered in July and the minimum precipitation recorded in January (Figure 3 ). Figure 4 displays the spatial distribution of the monthly precipitation in Central Asia based on the GPCC, which is consistent with regional patterns in Figure 3 . Figure 2 . The distribution of the mean annual precipitation (mm) based on meteorological stations in Central Asia.
Using the cluster analysis method, we divided Central Asia into four subregions as follows: (1) the North, which includes the northern part of the Kazakh Hills, (2) the Center as the zone of transition, which includes the southern part of the Kazakh Hills and the northern part of the Turan Lowland, (3) the Southwest, which includes the main part of the Turan Lowland and a part of the Tianshan Mountains, and (4) the Southeast, which includes the main part of the Tianshan Mountains, the Junggar Basin and the Tarim Basin (Figure 3) . Then, we calculated regional averages of mean monthly precipitation to obtain the seasonal cycle of precipitation for each subregion. In the North, there was maximum precipitation in July and minimum precipitation in February. However, the seasonal cycle of the Southwest was typically a 'two peak' type with the first peak occurring in April, and the second peak occurring in December, without ignoring the minimum precipitation observed in August. For the Center, the zone of transition between the North and the Southwest, for each month, precipitation was higher than the Southwest region's and less than in the North. Additionally, the seasonal cycle of the Center was smooth and steady with maximum precipitation in July and minimum precipitation in February. For the Southeast, the seasonal cycle was typically a 'single peak' type with the maximum precipitation registered in July and the minimum precipitation recorded in January (Figure 3) . Figure 4 displays the spatial distribution of the monthly precipitation in Central Asia based on the GPCC, which is consistent with regional patterns in Figure 3 . The twelve monthly precipitation values in each pixel were transformed into 0-1, and the minimum value was set as 0 while maximum was set as 1.
Variations in Precipitation from 1960-1991
Observations from 240 stations covering the period 1960-1991 were used to detect trends of precipitation over Central Asia and four subregions from 1960-1991. The annual precipitation across the entire Central Asia did not exhibit a significant trend but displayed significant increasing trends in winter.
At an annual scale, the precipitation in Central Asia and the four subregions did not exhibit significant trends (p > 0.05) according to the M-K test (Figure 5a , Table 2 ). At a seasonal scale, Central Asia, the North and the Southwest displayed significantly increasing trends (p < 0.05) in winter The twelve monthly precipitation values in each pixel were transformed into 0-1, and the minimum value was set as 0 while maximum was set as 1.
Observations from 240 stations covering the period 1960-1991 were used to detect trends of precipitation over Central Asia and four subregions from 1960-1991. The annual precipitation across Atmosphere 2016, 7, 139 7 of 13 the entire Central Asia did not exhibit a significant trend but displayed significant increasing trends in winter.
At an annual scale, the precipitation in Central Asia and the four subregions did not exhibit significant trends (p > 0.05) according to the M-K test (Figure 5a , Table 2 ). At a seasonal scale, Central Asia, the North and the Southwest displayed significantly increasing trends (p < 0.05) in winter precipitation (Figure 5b) , with respective rates of 0.49, 0.52, and 0.67 mm/year according to linear least squares fitting, whereas the Center and the Southeast exhibited insignificant trends in winter. No significant trends were detected for Central Asia and the four subregions in spring, summer, and autumn (Table 2) . 
Validations of the Four Gridded Datasets against Observational Data
Four gridded datasets (CRU, GPCC, MERRA, and TRMM) were validated against all of the 341 stations observations. As Figure 6 displays, all annual precipitation from CRU, GPCC, MERRA, and TRMM was significantly (p < 0.05) correlated with the gauged observations, with correlation coefficients (R 2 ) of 0.55, 0.89, 0.69, and 0.68, respectively. The root-mean-square errors (RMSE) of CRU, GPCC, MERRA, and TRMM against observational data were 128.9, 64.5, 107.7, and 82.5 mm/year, respectively. In conclusion, the GPCC dataset had the highest R 2 (0.89) and lowest RSME (64.5 mm/year) among the four gridded datasets. The results indicated that GPCC was the most suitable dataset to describe the precipitation in Central Asia. 
Four gridded datasets (CRU, GPCC, MERRA, and TRMM) were validated against all of the 341 stations observations. As Figure 6 displays, all annual precipitation from CRU, GPCC, MERRA, and TRMM was significantly (p < 0.05) correlated with the gauged observations, with correlation coefficients (R 2 ) of 0.55, 0.89, 0.69, and 0.68, respectively. The root-mean-square errors (RMSE) of CRU, GPCC, MERRA, and TRMM against observational data were 128.9, 64.5, 107.7, and 82.5 mm/year, respectively. In conclusion, the GPCC dataset had the highest R 2 (0.89) and lowest RSME (64.5 mm/year) among the four gridded datasets. The results indicated that GPCC was the most suitable dataset to describe the precipitation in Central Asia.
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Spatial and Temporal Variations of Precipitation from 1960-2013
Since there were not enough observational data after 1991, the selected GPCC datasets were used to detect the spatial temporal trends of precipitation over Central Asia from 1960-2013. The results indicated that annual precipitation did not exhibit a significantly increasing trend, while precipitation in winter significantly increased in Central Asia, which was consistent with the observed trends from 1960-1991.
At an annual scale, only precipitation in the Southeast exhibited a significant increase (p < 0.05) of 0.64 mm/year (Figure 7a, Table 3 ). Spatially, a significant increasing trend was observed over most regions of the Southeast. Except for the Southeast, almost the same area with increasing and decreasing trends was located in the North, the Center, and the Southeast (Figure 8a) . At a seasonal scale, precipitation over Central Asia displayed a significantly (p < 0.05) increasing trend of 0.11 mm/year in winter. In the Southeast, precipitation increased significantly in all seasons, with rates of 0.16 mm/year in spring, 0.27 mm/year in summer, 0.13 mm/year in autumn and 0.13 mm/year in winter. In the North, the Center, and the Southwest, no significant trends were identified in any season except for the North and the Center in spring (Figure 7b, Table 3 ). Spatially, an increasing trend was observed over most regions of Central Asia. Furthermore, an area with significant increasing trends was located in the North, the Southeast, and southern part of the Tianshan Mountains (Figure 8b ). 
At an annual scale, only precipitation in the Southeast exhibited a significant increase (p < 0.05) of 0.64 mm/year (Figure 7a, Table 3 ). Spatially, a significant increasing trend was observed over most regions of the Southeast. Except for the Southeast, almost the same area with increasing and decreasing trends was located in the North, the Center, and the Southeast (Figure 8a) . At a seasonal scale, precipitation over Central Asia displayed a significantly (p < 0.05) increasing trend of 0.11 mm/year in winter. In the Southeast, precipitation increased significantly in all seasons, with rates of 0.16 mm/year in spring, 0.27 mm/year in summer, 0.13 mm/year in autumn and 0.13 mm/year in winter. In the North, the Center, and the Southwest, no significant trends were identified in any season except for the North and the Center in spring (Figure 7b, Table 3 ). Spatially, an increasing trend was observed over most regions of Central Asia. Furthermore, an area with significant increasing trends was located in the North, the Southeast, and southern part of the Tianshan Mountains (Figure 8b 
Discussion
The results indicated that the GPCC dataset was the most suitable dataset to describe the precipitation across Central Asia. This is probably because GPCC uses about 30 data sources with a maximum number of 49,450 stations [19, 20] . CRU is also a station-based interpolation, but it uses only 4,000 stations; therefore it makes sense that comparing CRU to the local stations yields worse results. TRMM satellite data and MERRA reanalysis data are independent of local surface observations of precipitation, and had poor performance in Central Asia, which is consistent with the research of Guo, et al. [14] . In the study conducted by Hu, et al. [16] , the RMSE of GPCC was lower than that of MERRA, ERA-Interim, CFSR in Central Asia. In addition, GPCC also performed well in other arid regions [26, 27] . Furthermore, both GPCC and CRU are station-based interpolation datasets. There are two major error sources (systematic measuring error and stochastic sampling error) associated with gauge-based measurement of precipitation. Of the sources of bias, wind-induced undercatch of solid precipitation is by far the largest [28] , especially in Central Asia, where snow makes an important contribution to total precipitation. Parameters affecting the accuracy of measurement are features of the instrument used (shape, size, exposition, etc.) and the meteorological conditions (wind, air temperature, radiation, humidity) during the precipitation event. However, this information is not available to correct the measuring error for most precipitation stations [20] . There is no accounting of snow undercatch in the precipitation for these two datasets [18, 20] .
The results shown in Table 2 revealed that only precipitation in winter displayed a significant increasing trend over Central Asia, and that significant increasing trends were detected in all seasons over the Southeast from 1960-2013, which is not true for the other subregions.
In recent years, the global mean surface temperature has increased significantly by 0.85°C, especially in winter, according to the IPCC Fifth Assessment Report [29] . Under global warming, some previous studies suggest that there existed a 'dry gets drier, wet gets wetter' pattern because atmospheric moisture convergence and divergence are expected to increase with increasing atmospheric moisture content in a warmer atmosphere [30] [31] [32] . However, a recent study by Greve, et al. [33] found that only 10.8% of the global land area shows a robust 'dry gets drier, wet gets wetter' pattern, compared to 9.5% of global land area with the opposite pattern, that is, dry gets wetter, and wet gets drier. Globally, precipitation averaged over dry regions shows robust increases in both observations and climate models over the past six decades [34] . In Central Asia, annual precipitation did not exhibit any significant increasing trend, while precipitation of Central Asia displayed significantly increasing trends in winter from 1960-2013. Chen, et al. [11] also found that the annual precipitation in this arid region generally increased during the past 80 years, with an apparent increasing trend (0.07 mm/year) in winter. Global warming, southward shift and intensification of the westerly cyclones and the associated changes of water vapor at the middle latitudes are likely the major factors that increase the precipitation over Central Asia [11, 35] . The causes of the regional differences in variations in precipitation may be the physical and dynamic processes of precipitation and land use/land cover changes. Due to the variation of the North Atlantic oscillation (NAO), the column water vapor content increases above the southeast region of Central Asia, where significant increasing trends were detected in all seasons from 1960-2013 according to the results above, while the transient eddy activity becomes intensified in the areas with a further south route moving from Europe, Central Asia throughout northwestern China [36, 37] . Local and regional human impacts, such as massive irrigation, may have a stronger impact on the climatic system at the regional level than global climate change [38, 39] . Because of the Soviet Union collapse in 1991, arable land decreased sharply until 2000 in the five states of Central Asia [40] , while the oasis area in Xinjiang experienced an increasing trend especially from 1975 [41] , which may cause increases in evapotranspiration and water vapor in the atmosphere. However, the vapor source and the physical and dynamic processes of precipitation in Central Asia still require further study.
Conclusions
In this work, we detected the regional and seasonal differences in precipitation climate characteristics based on observational data from CMA and GHCN and variations in precipitation from 1960-2013 based on the GPCC dataset.
Using observational data, we divided Central Asia into four subregions (North, Center, Southwest, and Southeast) based on the differences in seasonal cycles of precipitation. Both the seasonal cycles of the North and the Southeast displayed a single peak pattern with a peak in July and minimum in February over the North and minimum in January over the Southeast with a smoother curve. The Southwest was a two peak type with the first peak in April and the second peak in December. For the Center, the zone of transition between the North and the Southwest, each monthly precipitation value was higher than the Southwest's and lower than the North's.
Four widely used gridded datasets (CRU, GPCC, MERRA, and TRMM) were validated against observational data, and GPCC was proven to be the most suitable dataset to describe precipitation in Central Asia and was used to detect the spatial and temporal trend of precipitation from 1960-2013. The results indicated that the annual precipitation over Central Asia did not exhibit a significant increasing trend, while precipitation in winter displayed a significant increase in winter from 1960-2013. Additionally, significant increasing trends were detected in all seasons over the Southeast during 1960-2013.
